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(57) ABSTRACT 

An external defibrillator with an output circuit having four 
legs arrayed in the form of an “H” (an "H-bridge") is 
disclosed. The output circuit is designed to be able to 
conduct a range of defibrillation pulse energies, from below 
50 joules to above 200 joules. Each leg of the output circuit 
contains a Solid-State Switch. By Selectively Switching on 
pairs of Switches in the H-bridge, a biphasic defibrillation 
pulse may be applied to a patient. The Switches in three of 
the legs of the H-bridge output circuit are preferably Silicon 
controlled rectifiers (SCRs). Gate drive circuits are coupled 
to the SCRs to bias the SCRs with a voltage that allows the 
SCRS to remain turned-on even when conducting low cur 
rent. The Switch in the fourth leg is preferably a pair of 
insulated gate bipolar transistors (IGBTs) coupled in Series. 
A gate drive circuit is coupled to the gate of the IGBTs to 
provide a slow turn-on and a fast turn-off of the IGBTs. The 
gate drive circuit also biases the IGBTs with a sufficient 
voltage to allow the IGBTs to withstand a shorted discharge 
of the external defibrillator through the output circuit. The 
circuit also includes a protective component that has both 
inductive and resistive properties. An internal energy dump 
may be performed by biasing on two legs on the Same side 
of the H-bridge output circuit, thus eliminating the need for 
a separate energy dump circuit. Methods for testing the 
H-bridge and verifying its integrity are also disclosed. 

34 Claims, 10 Drawing Sheets 
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H-BRIDGE CIRCUIT FOR GENERATING A 
HIGH-ENERGY BIPHASC WAVEFORM IN 

AN EXTERNAL DEFIBRILLATOR 

CROSS-REFERENCE TO RELATED 
APPLICATION 

This application is a continuation of prior application Ser. 
No. 09/287.483, filed Apr. 6, 1999, now U.S. Pat. No. 
6,175,765, which is a continuation-in-part of prior applica 
tion Ser. No. 09/035,690, filed Mar. 5, 1998, now U.S. Pat. 
No. 6,041,254, which is a continuation-in-part of prior 
application Ser. No. 08/811,833, filed Mar. 5, 1997, now 
U.S. Pat. No. 5,824,017, priority from the filing dates of 
which is hereby claimed under 35 U.S.C. S 120. 

FIELD OF THE INVENTION 

This invention relates generally to apparatus for generat 
ing defibrillation waveforms, and more particularly to a 
circuit for generating a biphasic defibrillation waveform in 
an external defibrillator. 

BACKGROUND OF THE INVENTION 

One of the most common and life-threatening medical 
conditions is ventricular fibrillation, a condition where the 
human heart is unable to pump the Volume of blood required 
by the human body. The generally accepted technique for 
restoring a normal rhythm to a heart experiencing ventricu 
lar fibrillation is to apply a strong electric pulse to the heart 
using an external cardiac defibrillator. External cardiac 
defibrillators have been Successfully used for many years in 
hospitals by doctors and nurses, and in the field by emer 
gency treatment perSonnel, e.g., paramedics. 

Conventional external cardiac defibrillators first accumu 
late a high-energy electric charge on an energy Storage 
capacitor. When a Switching mechanism is closed, the Stored 
energy is transferred to a patient in the form of a large 
current pulse. The current pulse is applied to the patient via 
a pair of electrodes positioned on the patients chest. The 
Switching mechanism used in most contemporary external 
defibrillators is a high-energy transfer relay. A discharge 
control Signal causes the relay to complete an electrical 
circuit between the Storage capacitor and a wave shaping 
circuit whose output is connected to the electrodes attached 
to the patient. 

The relay used in contemporary external defibrillators has 
traditionally allowed a monophasic waveform to be applied 
to the patient. It has recently been discovered, however, that 
there may be certain advantages to applying a biphasic 
rather than a monophasic waveform to the patient. For 
example, preliminary research indicates that a biphasic 
waveform may limit the resulting heart trauma associated 
with the defibrillation pulse. 

The American Heart ASSociation has recommended a 
range of energy levels for the first three defibrillation pulses 
applied by an external defibrillator. The recommended 
energy levels are: 200 joules for a first defibrillation pulse; 
200 or 300 joules for a second defibrillation pulse; and 360 
joules for a third defibrillation pulse, all within a recom 
mended variance range of no more than plus or minus 15 
percent according to Standards promulgated by the ASSocia 
tion for the Advancement of Medical Instrumentation 
(AAMI). These high energy defibrillation pulses are 
required to ensure that a Sufficient amount of the defibrilla 
tion pulse energy reaches the heart of the patient and is not 
dissipated in the chest wall of the patient. 
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While generating a biphasic waveform would be desirable 

in an external defibrillator, to date output circuits for gen 
erating a biphasic waveform have not been developed that 
can reliably and Simply Switch the higher Voltages required 
in an external defibrillator. Some implantable defibrillators, 
Such as those shown in U.S. Pat. Nos. 5,083,562 and 
4,880,357, use a bridge circuit with multiple silicon 
controlled rectifiers (SCRs) to generate a biphasic wave 
form. Because implantable defibrillators only apply a low 
energy defibrillation pulse having a maximum energy of 
approximately 35 joules, however, the output circuit in 
implantable defibrillators is not adaptable for use in the 
external defibrillator. A 200 joule energy pulse applied to an 
implantable defibrillator bridge circuit would overload the 
bridge circuit components and cause the circuit to fail. 

In addition, although the high-energy transfer relayS used 
in external cardiac defibrillators have performed 
Satisfactorily, they have a variety of disadvantages. One of 
the major disadvantages is the electromagnetic interference 
(EMI) that is caused when the relay is closed. EMI can be 
detrimental to the Signals used by nearby control circuits and 
makes the use of EMI-Sensitive circuitry impractical during 
the application of the defibrillation pulse. Due to the EMI 
interference, external defibrillators typically temporarily 
place all control circuitry in an “inactive' State while a 
defibrillation pulse is applied. External defibrillators are 
therefore unable to verify that the Switching mechanism or 
relay is working properly because a limited amount of 
circuitry is operational during the application of the defibril 
lation pulse. 
An additional disadvantage of using a relay is that prior to 

the application of the defibrillation pulse, it may be imprac 
tical to test the integrity of the relay. For example, one 
method for testing the relay requires discharging the energy 
Storage capacitor into a test load. This and Similar methods 
require not only discharging most of the energy in the energy 
Storage capacitor during each test, but also require extra 
circuitry including a test load. 
The present invention is also directed to providing a 

method and apparatus that overcome the foregoing and other 
disadvantages. More Specifically, the present invention is 
directed to providing a method and apparatus for verifying 
the integrity of an output circuit before and during the 
application of a defibrillation pulse. 
The present invention is directed to providing apparatus 

that overcome the foregoing and other disadvantages. More 
Specifically, the present invention is directed to an output 
circuit for an external defibrillator that is capable of applying 
a high-energy biphasic defibrillation pulse to a patient. 

SUMMARY OF THE INVENTION 

An external defibrillator having an output circuit that 
allows a biphasic defibrillation pulse to be discharged to a 
patient from an energy Storage device, preferably an energy 
Storage capacitor, is disclosed. The output circuit includes 
four legs arrayed in the form of an “H” (hereinafter the 
“H-bridge output circuit”). Each leg of the output circuit 
contains a Solid-State Switch. By Selectively Switching on 
pairs of Switches in the H-bridge output circuit, a biphasic 
defibrillation pulse may be applied to the patient. 

In accordance with one aspect of the invention, the 
Switches in three of the legs of the H-bridge output circuit 
are silicon controlled rectifiers (SCRs). Preferably, only a 
single SCR is used in each leg. The Switches in the fourth leg 
are insulated gate bipolar transistors (IGBTs). The use of 
Single SCR Switches Simplifies the circuit as compared to the 
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use of Semiconductor modules that are large and expensive 
or as compared to the use of lower Voltage parts which must 
be stacked. The use of three SCR legs further reduces the 
size, weight, and cost of the H-bridge output circuit in 
comparison with an implementation using two SCR and two 
IGBT legs. 

In accordance with another aspect of the invention, the 
i-bridge output circuit is capable of conducting a biphasic 
waveform of 200 or more joules from the energy Storage 
capacitor to the patient. Preferably, the H-bridge output 
circuit is capable of conducting a biphasic waveform equal 
to 360 joules, the industry Standard for monophasic wave 
forms and the recommended level for a third defibrillation 
pulse by the American Heart ASSociation. To Store Sufficient 
energy for Such a biphasic defibrillation pulse, the size of the 
energy Storage capacitor falls within a range from 15 uP to 
200 LE. 

Moreover, in addition to being able to conduct a high 
energy defibrillation pulse of 200 to 360 joules, the H-bridge 
output circuit is also capable of conducting a low energy 
defibrillation pulse for internal applications with an energy 
as low as 1 to 50 joules. Low energy defibrillation pulses are 
required when, for example, internal paddles are coupled to 
the defibrillator for use in Surgery to directly defibrillate the 
heart, or for pediatric defibrillation, or for cardioversion of 
Some arrhythmias in both pediatrics and adults. To allow the 
delivery of a low energy defibrillation pulse, the output 
circuit Switches in three of the legs are driven by gate drive 
circuits which provide a repetitively pulsed control Signal to 
the gates of the Switches. The pulsed control signal on the 
gates allows the high Voltage Switches to remain conducting 
even when conducting very low currents. 

In accordance with another aspect of the invention, a gate 
drive circuit biases on the IGBTs in the fourth leg with a 
Sufficient Voltage over a short interval to allow the leg to 
conduct approximately 400 amps of current without being 
damaged. Biasing the IGBTs in this manner allows the 
IGBTs to withstand a shorted discharge in the event the 
Shock paddles are accidentally placed together, or in the 
event that there is a short in the circuit. 

In accordance with Still another aspect of the invention, all 
of the output circuit Switches are Selected to have Sufficient 
current conducting capability to allow the Switches in two of 
the legs on the same Side of the H-bridge to provide a shorted 
path for the discharge of unwanted energy from the energy 
Storage capacitor. The use of two legs on one side of the 
H-bridge to discharge the capacitor eliminates the need for 
an additional discharge circuit to perform this internal. 
energy dump function. In addition, the H-bridge circuit is 
able to perform the internal energy dump quickly and 
accurately using advantageous component values that would 
not be practical to implement in a separate discharge circuit. 
For example, the H-bridge circuit is able to perform an 
internal dump in less than one Second through the use of a 
resistive component with a value of less than 100 ohms. 
Also, the internal dump may be performed using the 
H-bridge circuit So as to discharge only a Specified amount 
of energy from the Storage capacitor, rather than discharging 
the Storage capacitor completely. Also, because the H-bridge 
circuit is used for both the internal dump and defibrillation 
pulse operations, the resistive component of the H-bridge 
circuit Serves to both absorb energy during the internal dump 
and also to limit current during the defibrillation pulse. The 
resistive value is Selected to be Small enough to allow 
sufficient current to provide both an effective defibrillation 
pulse and a fast internal energy dump, while also being large 
enough to limit the current So as to protect the Switches of 
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the H-bridge circuit. The resistive component is also 
Selected to have a high thermal capacity So that it can 
withstand the heat produced by the high currents that result 
during the H-bridge internal dump and defibrillation pulse 
circuit operations. 

In accordance with another aspect of the invention, the 
resistive component of the H-bridge circuit is incorporated 
into a protective component that limits both current and 
Voltage changes from the energy Storage capacitor. The 
protective component is designed with both inductive and 
resistive properties. The use of a Single protective compo 
nent with these properties reduces the number of compo 
nents that are required in the H-bridge circuit. In accordance 
with yet another aspect of the invention, the gate drive 
circuit provides a slow turn-on and fast turn-off of the 
IGBTs. The slow turn-on avoids jolting an electrically 
coupled SCR on one of the other H-bridge output circuit legs 
into a conducting State. The fast turn-off reduces the expo 
Sure of the IGBTs to potentially damaging high Voltages that 
can occur across one IGBT when the other IGBT is inad 
vertently turned off first. The IGBT gate drive circuitry 
therefore reduces the Size of the high-voltage parts that are 
necessary to protect the IGBTs. 

In accordance with another aspect of the invention, an 
external defibrillator having an output circuit that is con 
trolled by a microprocessor is provided. The output circuit 
includes Several Solid-State Switches through which a 
defibrillation pulse is discharged to a patient from an energy 
Storage device, preferably an energy Storage capacitor. Prior 
to application of the defibrillation pulse, the integrity of each 
of the Switches in the output circuit is verified. The integrity 
of the output circuit during the application of a defibrillation 
pulse is also verified by monitoring the changing charge 
level of the energy Storage capacitor. 

In accordance with another aspect of the invention, the 
output circuit is a circuit having four legs arrayed in the form 
of an “H” (hereinafter the “H-bridge”). Each leg of the 
output circuit contains a Solid-State Switch. By Selectively 
Switching on pairs of Switches in the H-bridge, a biphasic 
defibrillation pulse may be applied to a patient. Prior to 
application of the defibrillation pulse, each of the legs in the 
output circuit is checked by Switching the Switches on in a 
desired order while the energy Storage capacitor is partially 
charged. 

In accordance with another aspect of the invention, the 
integrity of the H-bridge is monitored during application of 
the defibrillation pulse by periodically measuring the Voltage 
acroSS the energy Storage capacitor. A voltage outside an 
expected range may indicate the failure of the H-bridge. 

In accordance with Still another aspect of the invention, a 
failed leg in the H-bridge is compensated for by identifying 
a pair of legs that provides a conductive path between the 
energy Storage capacitor and the patient. If an operational 
pair of legs is identified, the defibrillator delivers a 
monophasic, rather than a biphasic, defibrillation pulse. The 
current or duration of the monophasic pulse may also be 
altered by changing the charge on the energy Storage capaci 
tor. 

In accordance with yet another aspect of the invention, a 
Scaling circuit is provided to Step down the Voltage acroSS 
the energy Storage capacitor So that it can be measured by the 
microprocessor. The Scaling circuit is adjustable to allow the 
microprocessor to measure various Voltage ranges acroSS the 
energy Storage capacitor. 

In accordance with another aspect of the invention, if any 
error is detected before or during delivery of the defibrilla 
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tion pulse, an error handling routine may be called to 
analyze and attempt to compensate for the indicated failure. 
The error handing routine generates a visual, aural, or other 
warning to the user to indicate that the defibrillator is not 
functioning properly. The warning to the user is especially 
advantageous under circumstances where the user might not 
otherwise be aware that the defibrillator is not functioning 
properly. 

It will be appreciated that the disclosed method of testing 
the output circuit is advantageous in that it allows the 
integrity of the output circuit and connection to the patient 
to be checked both before and during the application of a 
defibrillation pulse. Providing a monophasic pulse in the 
present invention has a distinct advantage in that it allows a 
defibrillation pulse to be delivered to the patient even when 
part of the output circuit has failed. Moreover, the use of a 
Scaling circuit allows the high Voltages of the energy Storage 
capacitor to be measured by the microprocessor for control 
of the defibrillator in real time. 

It will be appreciated that the disclosed H-bridge output 
circuit is advantageous in that it allows either a high-energy 
biphasic waveform or a low-energy biphasic waveform to be 
generated by an external defibrillator and applied to a 
patient. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The foregoing aspects and many of the attendant advan 
tages of this invention will become more readily appreciated 
as the Same become better understood by reference to the 
following detailed description; when taken in conjunction 
with the accompanying drawings, wherein: 

FIG. 1 is a block diagram of an external defibrillator 
having an output circuit Suitable for delivering a high-energy 
biphasic defibrillation pulse to a patient; 

FIG. 2 is a schematic diagram of the preferred embodi 
ment of the output circuit of FIG. 1; 

FIG. 3 is a block diagram of an external defibrillator 
having an output circuit that is tested before and during an 
application pulse in accordance with the present invention; 

FIG. 4 is a block diagram of the external defibrillator of 
FIG. 3 depicting the construction of the output circuit and 
the connection of the output circuit to a Scaling circuit; 

FIG. 5 is a schematic diagram of an actual embodiment of 
the output circuit of FIG. 2; 

FIG. 6 is a Schematic diagram of an actual embodiment of 
the scaling circuit of FIG. 2; 

FIGS. 7A-7B are flow charts of an exemplary routine for 
testing the output circuit prior to and during the delivery of 
a defibrillation pulse to a patient; and 

FIGS. 8A-8B are flow charts of an exemplary error 
handling routine for analyzing and compensating for par 
ticular errors should an error be detected while testing the 
output circuit. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

FIG. 1 is a block diagram of an external defibrillator 8 that 
is connected to a patient 16. The defibrillator includes a 
microprocessor 20 that is connected to an energy Storage 
capacitor 24 via a charging circuit 18. During the operation 
of the defibrillator, the microprocessor controls the charging 
circuit 18 by a signal on a control line 25 to charge the 
energy Storage capacitor to a desired Voltage level. To 
monitor the charging process, the microprocessor is con 
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6 
nected to a Scaling circuit 22 by a pair of measurement lines 
47 and 48, and by a control line 49. The scaling circuit 22 
is connected to the energy Storage capacitor 24 by a bridge 
line 28, which connects to the negative lead of the capacitor, 
and by a line 30, which connects to the positive lead of the 
capacitor. A clock 21 is also connected to the microprocessor 
2O. 
The Scaling circuit 22 is used to Step down the Voltage 

acroSS the energy Storage capacitor 24 to a range that may be 
monitored by the microprocessor. The Scaling circuit 22 is 
described briefly below and in more detail both in FIG. 6 of 
this application and in an application entitled "Method and 
Apparatus for Verifying the Integrity of an Output Circuit 
Before and During Application of a Defibrillation Pulse.” 
Ser. No. 08/811,834, filed Mar. 5, 1997, now U.S. Pat. No. 
5,873,893, and hereby incorporated by reference. The 
energy Storage capacitor 24 can be charged to a range of 
Voltage levels, with the Selected level depending on the 
patient and other parameters. Preferably, the size of the 
energy Storage capacitor falls within a range from 150 uP to 
200 uF. In order to generate the necessary defibrillation 
pulse for external application to a patient, the energy Storage 
capacitor is charged to between 100 volts and 2,200 volts. To 
detect Small percentage changes in the Selected Voltage level 
of the energy Storage capacitor 24, the Scaling circuit is 
adjustable to measure different Voltage ranges. The adjusted 
output is measured by the microprocessor 20 on measure 
ment line 48. 

After charging to a desired level, the energy Stored in the 
energy Storage capacitor 24 may be delivered to the patient 
16 in the form of a defibrillation pulse. An output circuit 14 
is provided to allow the controlled transfer of energy from 
the energy Storage capacitor to the patient. The output circuit 
14 includes four Switches 31, 32,33, and 34, each Switch on 
a leg of the output circuit arrayed in the form of an “H” 
(hereinafter the “H-bridge” output circuit). Switches 31 and 
33 are coupled through a protective component 27 to the 
positive lead of the energy Storage capacitor 24 by a bridge 
line 26. The protective component 27 limits the current and 
Voltage changes from the energy Storage capacitor 24, and 
has both inductive and resistive properties. Switches 32 and 
34 are coupled to the energy Storage capacitor 24 by a bridge 
line 28. The patient 16 is connected to the left side of the 
H-bridge by an apex line 17, and to the right side of the 
H-bridge by a sternum line 19. As depicted in FIG. 1, the 
apex line 17 and the sternum line 19 are connected to 
electrodes 15a and 15b, respectively, by a patient isolation 
relay 35. The microprocessor 20 is connected to the Switches 
31, 32, 33, and 34 by control lines 42a, 42b, 42c, and 42d, 
respectively, and to the patient isolation relay 35 by control 
line 36. Application of appropriate control Signals by the 
microprocessor over the control lines causes the Switches to 
be opened and closed, and the output circuit 14 to conduct 
energy from the energy Storage capacitor 24 to the patient. 
A preferred construction of the output circuit 14 is shown 

in FIG. 2. The output circuit relies on four output switches 
SW1 to SW4 to conduct energy from the energy storage 
capacitor 24 to the patient. Switches SW1, SW3 and SW4 
are Semiconductor Switches, preferably Silicon controlled 
rectifiers (SCRs). Switch SW2 is a series combination of 
Switches SW2A and SW2B, preferably both insulated gate 
bipolar transistors (IGBTs). Two IGBTs are required 
because the limitations of IGBT switch technology are such 
that the maximum working Voltage of presently available 
IGBTs is not sufficient to withstand the maximum voltage 
that may occur across Switch SW2 in output circuit 14. 
Switch SW2 is therefore constructed with two IGBT 
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Switches that are connected in Series So that the Voltage 
across the entire Switch SW2 is divided between the two 
IGBT switches. Those skilled in the art will appreciate that 
a single IGBT may be used in the output circuit, should an 
IGBT having a Sufficient Voltage rating become available. 
The four output Switches SW1 to SW4 can be switched from 
an off (non-conducting) to an on (conducting) condition. 

Defibrillator 8 generates a biphasic defibrillation pulse for 
application to the patient 16. When the energy Storage 
capacitor 24 is charged to a Selected energy level and the 
patient isolation relay 35 is closed, the Switches SW1 and 
SW2 are Switched on So as to connect the energy Storage 
capacitor with the apex line 17 and sternum line 19 for the 
application of a first phase of a defibrillation pulse to the 
patient. The Stored energy travels from the positive terminal 
of the energy Storage capacitor 24 on line 26, through Switch 
SW1 and apex line 17, across the patient 16, and back 
through sternum line 19 and Switch SW2 to the negative 
terminal of the capacitor on line 28. The first phase of the 
biphasic pulse is therefore a positive pulse from the apex to 
the Sternum of the patient. 

Before the energy Storage capacitor 24 is completely 
discharged, the Switch SW2 is biased off to prepare for the 
application of the Second phase of the biphasic pulse. Once 
the Switch SW2 is biased off, switch SW1 will also become 
non-conducting because the Voltage acroSS the SCR falls to 
ZCO. 

After the end of the first phase of the biphasic defibril 
lation pulse, Switches SW3 and SW4 are Switched on to start 
the second phase of the biphasic pulse. Switches SW3 and 
SW4 provide a path to apply a negative defibrillation pulse 
to the patient 16. The energy travels from the positive 
terminal of the energy Storage capacitor 24 on line 26, 
through Switch SW3 and sternum line 19, across the patient 
16, and back through apex line 17 and Switch SW4 to the 
negative terminal of the energy Storage capacitor on line 28. 
The polarity of the second phase of the defibrillation pulse 
is therefore opposite in polarity to the first phase of the 
biphasic pulse. The end of the Second phase of the biphasic 
pulse is truncated by Switching on Switch SW1 to provide a 
Shorted path for the remainder of the capacitor energy 
through Switches SW1 and SW4. After the second phase is 
truncated, all four of the Switches SW1 to SW4 are Switched 
off and the patient isolation relay 35 is opened. The energy 
Storage capacitor 24 may then be recharged to prepare the 
defibrillator to apply another defibrillation pulse. 
As described above, the four output switches SW1 to 

SW4 can be switched from an off (nonconducting) state to 
an on (conducting) state by application of appropriate con 
trol signals on control lines 42a, 42b, 42c, and 42d. In order 
to allow the SCRs and IGBTs to Switch the high voltages in 
an external defibrillator, Special Switch driving circuits 51, 
52, 53 and 54 are coupled to switches SW1 to SW4, 
respectively. The control lines 42a, 42b, 42c, and 42d are 
connected to the Switch driving circuits 51, 52, 53, and 54, 
to allow the microprocessor to control the State of the 
Switches. 

Switch driving circuits 51, 53 and 54 are identical. For 
purposes of this description, therefore, only the construction 
and operation of Switch driving circuit 51 will be described. 
Those skilled in the art will recognize that Switch driving 
circuits 53 and 54 operate in a similar manner. 

Switch driving circuit 51 includes control switch SW11, 
resistors R11, R12, and R13, capacitor C11, diode D11 and 
high-voltage transformer T11. Resistor R11 is connected 
between the positive voltage supply V'+ and the dotted end 
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8 
of the primary winding of transformer T11, and capacitor 
C11 is connected between ground and the dotted end of the 
primary winding of transformer T11. Resistor R12 is con 
nected between the non-dotted end of the primary winding 
of transformer T11 and the drain of the control Switch SW11. 
Resistors R11 and R12 and capacitor C11 limit and shape the 
current and Voltage waveforms acroSS the primary winding 
of the transformer T11. The Source of the control Switch 
SW11 is connected to ground, and the gate of control switch 
SW11 is connected to control line 42a. 

On the secondary winding side of transformer T11, the 
anode of diode D11 is connected to the dotted end of the 
secondary winding of transformer T11, and the cathode of 
diode D11 is connected to the gate of the SCR Switch SW1. 
Resistor R13 is connected between the cathode of diode D11 
and the non-dotted end of the Secondary winding of the 
transformer T11. The non-dotted end of the secondary 
winding of transformer T11 is connected to the cathode of 
the SCR Switch SW1. 

To turn on Switch SW1, an oscillating control Signal, 
preferably a pulse train, is provided on control line 42a. The 
pulse train control Signal repeatedly turns control Switch 
SW11 on and off, producing a changing Voltage across the 
primary winding of the transformer T11. The voltage is 
stepped down by the transformer T11 and rectified by the 
diode D11 before being applied to the SCR switch SW1. In 
the preferred embodiment, a 10% duty cycle pulse train on 
the control line 42a has been found to be adequate to 
maintain the SCR Switch SW1 in a conducting state. As long 
as the control signal is applied to the Switch driving circuit 
51, the Switch SW1 will remain in the conducting state. The 
Switch SW1 remains in the conducting state even when 
conducting only very low currents, such as the current 
asSociated with a low-energy defibrillation pulse. 
A different Switch driving circuit is required to turn on the 

IGBT switches of switch SW2. Switch driving circuit 52 
includes a capacitor C21, a transformer T21, and two 
identical Switch driving circuits 52A and 52B, each circuit 
corresponding to one of the IGBTs. On the primary winding 
side of the transformer T21, capacitor C21 is connected 
between the control line 42b and the non-dotted end of the 
primary winding of the transformer T21. The dotted end of 
the primary winding of the transformer T21 is connected to 
ground. 

Transformer T21 has two secondary windings T21A and 
T21B, one for each of the Switch driving circuits 52A and 
52B. Switch driving circuits 52A and 52B are identical, and 
therefore only the construction and operation of Switch 
driving circuit 52A will be described. Switch driving circuit 
52A includes diodes D21, D22, D23, and D24, Zener diode 
ZD21, capacitors C22, C23, C24, and C25, resistors R21, 
R22, R23, and R24, a PNPSwitch SW23, and an SCR switch 
SW22. 

The anodes of the diodes D21, D22, and D23 are con 
nected to the non-dotted end of the secondary winding T21A 
of the transformer T21. The cathodes of diodes D21 and D22 
are connected to the gate of the IGBT switch SW2A. The 
resistor R21 and capacitor C22 are connected between the 
dotted end of the secondary winding T21A of the trans 
former T21 and the cathode of diode D23. The anode of the 
SCR Switch SW22 and the cathode of Zener diode ZD21 are 
connected to the gate of the IGBT switch SW2A. The 
cathode of the SCR Switch SW22 and the anode of the Zener 
diode ZD21 are connected to the dotted end of the secondary 
winding T21A of the transformer T21, and also to the emitter 
of the IGBT Switch SW2A. 
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The resistor R23 and the capacitor C24 are connected 
between the gate of the IGBT switch SW2A and the emitter 
of the PNP switch SW23. The resistor R24 and the capacitor 
C25 are connected between the emitter of the PNP Switch 
SW23 and the dotted end of the secondary winding T21A of 
the transformer T21. The gate of the SCR switch SW22 is 
connected to the collector of the PNP Switch SW23. The 
resistor R22 is connected between the collector of the PNP 
Switch SW23 and the dotted end of the secondary winding 
T21A of the transformer T21. The capacitor C23 is con 
nected between the emitter and the base of the PNP Switch 
SW23. The anode of the diode D24 is connected to the base 
of the PNP switch SW23, and the cathode of the diode D24 
is connected to the cathode of the diode D23. 
To turn on the IGBT switch SW2A, an oscillating control 

Signal, preferably a pulse train, is provided on control line 
42b. The pulse train control Signal is stepped up in Voltage 
by the transformer T21 and applied to the input of Switch 
driving circuit 52A. During a positive pulse of the control 
signal on control line 42b, diodes D21 and D22 rectify the 
current that travels through the Secondary winding T21A to 
charge capacitors C24 and C25. As will be discussed in more 
detail below, some current also travels through diode D23 to 
charge capacitor C22. 

Capacitor C21 limits the current in the primary winding of 
the transformer T21, which correspondingly limits the cur 
rent in the Secondary winding T21A. The Secondary winding 
current determines the charging time of the capacitors C24 
and C25. Since the Voltage acroSS the capacitorS C24 and 
C25 is also the voltage on the gate of the IGBT switch 
SW2A, a Slow accumulation of Voltage on the capacitors 
C24 and C25 therefore results in a slow turn on of the IGBT 
switch SW2A. The charging current is selected so that the 
IGBT switch SW2A is turned on relatively slowly when 
compared to the fast turn on of the SCR Switches SW1, 
SW3, and SW4. A slow turn-on for the IGBT switch SW2A 
is desirable because the IGBT switches are on the same side 
of the H-bridge output circuit 14 as SCR switch SW3. SCR 
Switch SW3 is controlled by the control signal on control 
line 42c, but due to the nature of SCR Switches, the SCR 
Switch may be accidentally turned on regardless of the Signal 
on control line 42c if a rapid Voltage change occurs acroSS 
SCR Switch SW3. If IGBT Switches SW2A and SW2B were 
therefore turned on too quickly, the resulting rate of change 
of the voltage across SCR Switch SW3 might cause it to turn 
on accidentally. 

Zener diode ZD21 protects the IGBT switch SW2A by 
regulating the maximum voltage acroSS the capacitorS C24 
and C25. Without Zener diode ZD21, the voltage on the gate 
of IGBT switch SW2A would rise to a level that would 
damage IGBT switch SW2A. 

Also during the positive pulse of the pulse train control 
signal on control line 42b, diode D23 rectifies the current 
that travels through the Secondary winding T21A to charge 
capacitor C22. The charge on capacitor C22, which is 
replenished on each positive pulse of the pulse train control 
signal, maintains the voltage across the base of the PNP 
Switch SW23 above the turn-on level for the PNP Switch. 
The PNP switch SW23 turns on if the base voltage on the 
Switch drops below a threshold level. As will be described 
below, the PNP switch SW23 is only turned on when the 
IGBT switch SW2A is to be turned off. Capacitor C23 and 
diode D24 are also provided to prevent PNP switch SW23 
from turning on. Capacitor C23 Serves as a high frequency 
filter to prevent the high frequency driving pulses of the 
Switch driving circuit 52A from causing the PNP Switch to 
Spuriously turn on. Diode D24 prevents a large negative 
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10 
base-emitter Voltage from occurring which could cause the 
PNP Switch to enter reverse breakdown. 

Since Some discharging of the capacitor C22 occurs 
through resistor R21 between positive pulses of the control 
Signal on control line 42b, resistor R21 must be large enough 
to limit the discharging current flow from the capacitor C22 
between the pulses. Limiting the current flow prevents the 
Voltage on capacitor C22 from dropping below the threshold 
level sufficient to turn on PNP switch SW23 between pulses 
of the control Signal. Then, during a positive pulse of the 
pulse train control Signal on control line 42b, the charging of 
capacitor C22 must be Sufficient to counteract the discharg 
ing that occurred since the previous positive pulse So as to 
return the capacitor C22 to its fully charged level by the end 
of the positive pulse. 

In the preferred embodiment, a 2 MHZ pulse train control 
signal with a 25% duty cycle on the control line 42b has been 
found to be adequate to maintain the conducting State of the 
IGBT switches SW2A and SW2B. The Switches will remain 
conducting as long as the control Signal is present, and 
regardless of the current flowing through the Switches. 
The maximum current that may generally occur in the 

output circuit 14 results from the undesirable situation where 
a user of the defibrillator places the two shock paddles 
directly in contact with one another. When this happens, a 
short circuit is created between the apex line 17 and the 
sternum line 19. During a short circuit, a brief current of up 
to 400 amps can result. To accommodate the short circuit 
current without damaging IGBT switches SW2A and 
SW2B, the IGBT switches SW2A and SW2B are biased by 
a 30V gate voltage. Biasing the IGBTs at this voltage level 
is Successful since the IGBT Switches are used in a pulsed 
manner. If the IGBT switches were driven continuously for 
long periods of time with 30V on their gates, they might be 
damaged, but in the defibrillator output circuit they are only 
driven at this level for very brief intervals. 

In contrast to the slow turn-on of the IGBT switches 
SW2A and SW2B, the turn-off of the IGBT switches is 
performed relatively quickly. The IGBT switches may be 
quickly turned off because at turn-off there is no concern that 
the sensitive SCR Switches will accidentally turn on. In 
addition, a fast turn-off is desirable to reduce the time that 
an IGBT switch would be subjected to a high voltage if one 
of the IGBT switches is inadvertently turned off before the 
other. 

The IGBT switches are turned off when the pulse train 
control signal on the control line 42b is removed. Once 
positive Voltage pulses are no longer being induced in the 
Secondary windings of the transformer T21, the driving 
circuits 52A and 52B begin the turn-off process. Again, the 
turn-off process will only be described with respect to 
driving circuit 52A Since the circuits are identical. 

During the turn-off process, capacitor C22 begins dis 
charging through resistor R21. Since the RC time constant of 
capacitor C22 and resistor R21 is much smaller than the RC 
time constant of capacitors C24 and C25 and resistors R23 
and R24, the discharging of the capacitor C22 occurs much 
more quickly than the discharging of the capacitorS C24 and 
C25. When the voltage on the capacitor C22 drops below a 
threshold voltage level, PNP switch SW23 is turned on. The 
threshold Voltage level is equivalent to the base turn-on 
voltage of the PNP Switch SW23, plus the voltage drop 
across diode D24. Once PNP switch SW23 is turned on, 
discharge current from the capacitor C25 begins to flow 
through the Switch. AS the current increases, the Voltage 
acroSS resistor R22 correspondingly increases. When the 
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Voltage acroSS resistor R22 reaches a Sufficient Voltage level, 
SCR Switch SW22 is turned on, providing a shorted path for 
the remainder of the energy Stored in capacitors C24 and 
C25. The rapid discharge of the capacitors C24 and C25 
causes a corresponding rapid drop in the gate Voltage of the 
IGBT switch SW2A, quickly turning off the Switch. Resis 
tors R23 and R24 are provided across capacitors C24 and 
C25 to control the Voltage division acroSS the capacitors. 

It will be appreciated that the special driving circuits 52A 
and 52B allow the IGBTs to be used in an external defibril 
lator where extremely high Voltages must be Switched in the 
presence of SCRs. The driving circuits minimize the number 
of components required to Switch a defibrillation pulse of 
200 or more joules. In addition to conducting high currents 
associated with high-energy defibrillation pulses, the IGBTs 
are also able to conduct very low currents that are associated 
with defibrillation pulses of less than 50 joules. 
As shown in FIG. 2, each Switch SW1 to SW4 is also 

connected in parallel with a Switch protection circuit 61, 62, 
63, and 64, respectively. The Switch protection circuits are 
designed to prevent Spurious Voltage Spikes from damaging 
the Switches in the output circuit 14. Switch protection 
circuits 61, 63 and 64 are identical and therefore only the 
construction and operation of Switch protection circuit 61 
will be described. Switch protection circuit 61 includes a 
diode D12. The cathode of the diode D12 is connected to the 
anode of SCR Switch SW1, and the anode of the diode D12 
is connected to the cathode of SCR Switch SW1. Diode D12 
protects SCR Switch SW1 against negative inductive spikes 
that may occur due to cable or load inductance. 

Switch protection circuit 62 includes two identical Switch 
protection circuits 62A and 62B, which protect IGBT 
Switches SW2A and SW2B, respectively. Since Switch pro 
tection circuits 62A and 62B are identical, only the con 
Struction and operation of Switch protection circuit 62A will 
be described. Switch protection circuit 62A includes a diode 
D24 and a resistor R23. The resistor R23 is connected 
between the collector and the emitter of IGBT Switch 
SW2A. The cathode of diode D24 is connected to the 
collector of IGBT Switch SW2A, and the anode of diode 
D24 is connected to the emitter of IGBT switch SW2A. 

Diode D24 operates similarly to diode D12 as described 
above in that it protects IGBT switch SW2A against negative 
inductive spikes. Resistor R23 (in conjunction with resistor 
R23') ensures that the voltage across the two IGBT switches 
SW2A and SW2B is equally divided when the output circuit 
14 is at rest. Dividing the voltage across the two IGBT 
Switches SW2A and SW2B is important due to the limita 
tions of present IGBT technology, which limits the rating of 
each IGBT switch to 1200V. In a system where the total 
maximum voltage is 2200V, the maximum Voltage ratings 
are therefore obeyed by dividing the maximum Voltage 
across each IGBT switch. 

Additional protection to the Switches is provided by the 
protective component 27, which has both inductive and 
resistive properties. The protective component 27 limits the 
rate of change of the Voltage acroSS, and current flow to, the 
SCR switches SW1, SW3, and SW4. Too high of a rate of 
change of the Voltage across an SCR Switch is undesirable 
because it can cause the SCR Switch to inadvertently turn on. 
For example, since SCR Switches SW1 and SW4 are on the 
same side of the H-bridge output circuit 14, any time SCR 
Switch SW4 is abruptly turned on, a rapid Voltage change 
may also result across SCR Switch SW1. To prevent rapid 
Voltage changes, protective component 27 reduces the rate 
of change of the voltage across SCR Switch SW1 when SCR 
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Switch SW4 is turned on. Also, too high of a current flow can 
damage the Switches SW1, SW3 and SW4, and protective 
component 27 limits the current flow in the output circuit 14. 
The use of protective component 27 therefore reduces the 
need for additional protective components that would oth 
erwise need to be coupled to the Switches SW1, SW3 and 
SW4. 

In Some circumstances, it may be desirable for the 
defibrillator 8 to have a means for internally discharging 
energy from the energy Storage capacitor 24. AS an example, 
if the energy Storage capacitor 24 was initially charged to the 
360 joule level in preparation for applying an external 
defibrillation pulse, but then defibrillator was taken into 
Surgery and was needed for applying a 2joule internal pulse, 
a significant amount of energy would need to be dumped 
from the capacitor 24. Prior art circuits have typically 
required a separate internal dump circuit to perform this 
function. However, as described above for the present 
invention, unwanted energy on the Storage capacitor 24 may 
be discharged by causing the Switches on two of the legs on 
the same side of the H-bridge circuit (i.e., Switches SW1 and 
SW4 or else switches SW2 and SW3) to provide a shorted 
path for the unwanted energy of the Storage capacitor. A 
method for controlling Such an internal energy dump is 
described in previously co-pending and commonly assigned 
U.S. application Ser. No. 08/811,834, now U.S. Pat. No. 
5,873,893, entitled “METHOD AND APPARATUS FOR 
VERIFYING THE INTEGRITY OF AN OUTPUT CIR 
CUIT BEFORE AND DURING APPLICATION OF A 
DEFIBRILLATION PULSE,” which is hereby incorporated 
by reference. In that application, it is described that by using 
the combination of Switches SW2 and SW3 to discharge 
energy from the storage capacitor, a Selected level of energy 
may be discharged. This may be accomplished because 
Switch SW2 is an IGBT pair that can be made non 
conducting, thus allowing the shorted path through the 
combination of Switches SW2 and SW3 to be Switched off 
once the Selected amount of energy has been discharged. 

Thus, the use of two legs on one side of the H-bridge 
circuit to discharge the capacitor eliminates the need for an 
additional internal energy dump circuit that is commonly 
used in the prior art. The prior art internal energy dump 
circuits have usually required the use of a resistor to absorb 
energy during the internal dump, in addition to the resistor 
that is used in the defibrillator to limit current during a 
defibrillation pulse. The internal energy dump resistors were 
often large (on the order of 100 kohms or more) so as to limit 
the current that would result in the internal dump circuitry. 
In general, it was impractical to build internal dump circuitry 
with Small resistors, because the resulting high currents 
would require relatively expensive and complex Switching 
mechanisms, Such as those used in FIG. 2, that are only 
justified in FIG. 2 by their function as part of the critical 
defibrillation circuit path. The large resistors of the prior art 
internal dump circuitry tended to cause the internal dump 
function to take Several or more Seconds to perform. For 
example, a 100 kohm resistor used with a 200 microfarad 
capacitor to reduce the energy level on the capacitor from 
360 joules to 2 joules (as was required in the above example) 
would take more than Several Seconds to achieve. AS 
described above, delayS in defibrillator operation can put a 
patient at Serious risk. 

In contrast, the use of two of the legs of the H-bridge 
circuit allows the resistive component of the H-bridge that is 
used to limit current during a defibrillation pulse to also be 
used during the internal dump function. This resistive com 
ponent is selected to have a value of less than 100 ohms 
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which allows an internal dump Such as that described above 
to be performed in less than one Second. In fact, in an actual 
embodiment of FIG. 2, the protective component 27 has a 
resistive value of only 5 ohms and an inductive value of 840 
uH. With an energy Storage capacitor of 200 microfarads, 
this provides for approximately a one millisecond time 
constant, which allows an energy dump Such as that 
described above to be performed in Significantly less than 
one Second. In addition, the protective component 27 is 
Selected to have a high thermal capacity So that it can 
withstand the heat produced by the high currents that result 
during Such an internal energy dump operation. 

It will be appreciated that the greatest advantage of the 
output circuit 14 described above is that it allows an external 
defibrillator to generate and apply a high-energy biphasic 
waveform to a patient. For prior defibrillators providing a 
monophasic waveform, the Standard energy level in the 
industry for the discharge has been greater than 200 joules. 
The above described circuit allows the same amount of 
energy (more than 200 joules) to be delivered to the patient 
in a biphasic waveform, thereby resulting in a greater 
certainty of defibrillation effectiveness for a broader range of 
patients. At the Same time, the circuit incorporates Special 
driving circuitry to allow even very low energy biphasic 
waveforms (less than 50 joules) to be delivered to the 
patient. 

While the preferred embodiment of the invention has been 
illustrated and described, it will be apparent that various 
changes can be made therein without departing from the 
Spirit and Scope of the invention. For example, control lines 
42c and 42d and control Switches SW31 and SW41 could be 
replaced by a single control line and control Switch to 
activate switch driving circuits 53 and 54. Also, while the 
preferred construction for Switches 31, 32, 33, and 34 is 
described above, it will be appreciated that other Switch 
constructions may be envisioned, Such as replacing Switch 
32 with a single IGBT of sufficient stand-off voltage. Or, 
additional Semiconductor Switches may be incorporated in 
each leg to reduce the Voltage that must be Switched by each 
Switch. To minimize the size and weight of the resulting 
output circuit 14, however, the construction described above 
is preferable. Consequently, within the Scope of the 
appended claims, it will be appreciated that the invention 
can be practiced otherwise than as Specifically described 
herein. 

FIG. 3 is a block diagram of an external defibrillator 8 that 
is connected to a patient 16. FIGS. 3 to 5 are similar to FIG. 
1, and include many of the same part designations. The 
defibrillator includes a measurement and control circuit 10 
that is connected to an energy Storage capacitor and protec 
tive component 12 via a charging circuit 18. During the 
operation of the defibrillator, the measurement and control 
circuit 10 controls the charging circuit 18 via a control line 
25 to charge the energy Storage capacitor to a desired Voltage 
level. Feedback on the Voltage level of the energy Storage 
capacitor is provided to the measurement and control circuit 
10 on a pair of lines 28 and 30. 

After charging to a desired level, the energy Stored in the 
energy Storage capacitor may be delivered to the patient 16 
in the form of a defibrillation pulse. The energy Storage 
capacitor and protective component 12 is connected by lines 
26 and 28 to an output circuit 14. The measurement and 
control circuit 10 is connected to the output circuit 14 by a 
control bus 42 and to a patient isolation relay 35 by a control 
line 36. Application of appropriate control Signals over the 
control bus 42 and control line 36 causes the output circuit 
14 to conduct energy from the energy Storage capacitor. The 
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energy is delivered to the patient 16 attached to the defibril 
lator 8 over a set of electrodes 15a and 15b. The electrode 
15a is attached to an apex line 17 in output circuit 14 through 
a Switch 35a in the patient isolation relay. The electrode 15b 
is attached to a sternum line 19 in output circuit 14 through 
a Switch 35b in the patient isolation relay. In a manner 
described in greater detail below, the measurement and 
control circuit 10 verifies the integrity of the output circuit 
14 before and during the transfer of the defibrillation pulse. 
The components of the defibrillator 8 are depicted in 

greater detail in FIG. 4. A microprocessor 20, Scaling circuit 
22, and charging circuit 18 are used to charge an energy 
Storage capacitor 24 to a desired Voltage. To control the 
charging, the microprocessor 20 is connected to the Scaling 
circuit 22 by a pair of measurement lines 47 and 48, and by 
a control line 49. The microprocessor is also connected to 
the charging circuit 18 by a control line 25. The scaling 
circuit 22 and charging circuit 18 are connected to the 
energy Storage capacitor 24 by a bridge line 28, which 
connects to the negative lead of the capacitor, and by a line 
30, which connects to the positive lead of the capacitor. A 
clock 21 is also connected to the microprocessor 20. 
The Scaling circuit 22 is used to monitor the Voltage 

acroSS the energy Storage capacitor 24. FIG. 6 is a circuit 
diagram of an actual embodiment of the Scaling circuit 22. 
The Scaling circuit 22 Steps down the Voltage levelacroSS the 
energy Storage capacitor 24 to a range that can be measured 
by the microprocessor 20 on measurement lines 47 and 48. 
The Scaling circuit 22 includes two operational amplifiers 
OP1 and OP2. A resistor R1 is connected between line 30 
and the non-inverting input of operational amplifier OP1, 
and a resistor R2 and a capacitor C1 are connected in parallel 
between the non-inverting input of operational amplifier 
OP1 and ground. A resistor R3 is connected between the 
inverting input of operational amplifier OP1 and bridge line 
28. A resistor R4 and a capacitor C2 are connected in parallel 
between the inverting input of operational amplifier OP1 and 
the output of operational amplifier OP1. The output of 
operational amplifier OP1 is connected to the non-inverting 
input of operational amplifier OP2 and to measurement line 
47. 
The DC voltage level of the energy Storage capacitor 24 

is Stepped down for application to the operational amplifier 
OP1. The ratio of resistors R1 and R3 to resistors R2 and R4 
is generally very high So as to significantly Step down the 
voltage at this stage. The values of resistors R1 and R3 are 
also typically very high, So as to limit the current drain from 
the capacitor 24. The capacitorS C1 and C2 are provided to 
filter out high-frequency Voltage Spikes. In an actual 
embodiment of the Scaling circuit 22, the Scaling circuit will 
Step down a Voltage of 2200V across the energy Storage 
capacitor 24 to less than 5V on measurement line 47. The 
microprocessor 20 is provided with a 5V analog-to-digital 
converter to measure the Voltage on the measurement line 47 
and monitor the Voltage across the energy Storage capacitor 
24. 

If the energy Storage capacitor 24 was always charged to 
2200V, the scaling circuit described thus far would be 
adequate. In the preferred embodiment, however, the energy 
Storage capacitor 24 can be charged to a range of Voltage 
levels with the Selected level depending on the patient and 
other parameters. The range to which the energy Storage 
capacitor 24 may be charged in the preferred embodiment is 
from 100V to 2200V. To detect small percentage changes in 
the Selected Voltage level of the energy Storage capacitor 24, 
the Scaling circuit is therefore adjustable to account for 
different Voltage ranges. 
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To account for the range of the input Voltages into the 
Scaling circuit 22, the non-inverting input of operational 
amplifier OP2 is connected to the output of operational 
amplifier OP1. A resistor R5 is connected between the 
inverting input of operational amplifier OP2 and ground. A 
digital variable gain pot R6 is connected between the 
inverting input of operational amplifier OP2 and the output 
of operational amplifier OP2. The digital variable gain pot 
R6 is controlled by a signal received on the control line 49 
connected to the microprocessor 20. The output of opera 
tional amplifier OP2 is connected to measurement line 48. 
The gain provided by operational amplifier OP2 is adjust 
able by varying the Setting of the digital variable gain pot 
R6. 
The gain of the operational amplifier OP2 is set by the 

microprocessor 20. A measurement is initially made of the 
Voltage on measurement line 47 which, as described above, 
in the actual embodiment ranges from 0 to approximately 
5V. Based on the measured Voltage, the gain of operational 
amplifier OP2 is adjusted to make the Voltage on measure 
ment line 48 close to 5V. Adjusting the output to nearly 5V 
allows the full range of precision of the 5V analog-to-digital 
converter in the microprocessor to be used. The micropro 
cessor 20 uses the known gain of amplifiers OP1 and OP2 
in conjunction with the output voltage provided on mea 
Surement line 48 to measure the energy Storage capacitor 24 
voltage level. As will be described in more detail below, 
changes in the energy Storage capacitor Voltage level are 
used to verify the integrity of the output circuit 14. 

Returning to FIG. 4, the output circuit 14 allows the 
controlled transfer of energy from the energy Storage capaci 
tor 24 to the patient 16. The output circuit 14 includes four 
switches 31, 32,33, and 34, each Switch forming one leg of 
the H-bridge. Switches 31 and 33 are coupled through a 
protective component 27 to the positive lead of the energy 
Storage capacitor 24 by bridge line 26. The protective 
component 27 has both inductive and resistive properties to 
limit the current and Voltage changes from the energy 
Storage capacitor 24. Switches 32 and 34 are coupled to the 
negative lead of the energy Storage capacitor 24 by bridge 
line 28. The center cross line of the H-bridge includes the 
patient 16, which is connected to the left side of the bridge 
by an apex line 17, and to the right side of the bridge by a 
sternum line 19. Although omitted for clarity in FIG. 4, the 
apex line 17 and the sternum line 19 are connected to the 
electrodes 15a and 15b by the patient isolation relay 35. The 
microprocessor 20 is connected to the Switches 31, 32, 33, 
and 34 by control lines 42a, 42b, 42c, and 42d, respectively, 
and to the patient isolation relay 35 by control line 36, 
allowing the Switches and relay to be opened and closed 
under microprocessor control. Control lines 42a, 42b, 42c, 
and 42d are part of the control bus 42. 
An actual embodiment of the output circuit 14 is shown 

in FIG. 5. The circuit diagram of FIG. 5 is described briefly 
below, and a more detailed embodiment is described above 
with reference to FIG. 2. As shown in FIG. 5, four output 
Switches SW1 to SW4 allow the transfer of energy from the 
energy storage capacitor on lines 26 and 28. Switches SW1, 
SW3, and SW4 are semiconductor Switches, preferably 
silicon controlled rectifiers (SCRs). Switch SW2 is a series 
combination of Switches SW2A and SW2B, which are both 
insulated gate bipolar transistors (IGBTs). The four output 
switches SW1 to SW4 can be switched from an off (non 
conducting) to an on (conducting) condition. Control lines 
42a, 42b, 42c, and 42d are connected to Switch driving 
circuits 51, 52, 53, and 54, which are connected to Switches 
SW1 to SW4, respectively. Switch driving circuit 52 con 
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tains two identical Switch driving circuits, each circuit 
corresponding to one of the IGBTs. 
The Switch driving circuits 51, 53 and 54 switch the 

respective SCR Switches on or off according to signals on 
control lines 42a, 42c, and 42d. Switches SW1, SW3, and 
SW4 remain conducting as long as the Signal on the corre 
sponding control line is present. Each Switch SW1 to SW4 
is also connected to a Switch protection circuit 61, 62, 63, 
and 64, respectively. Switch driving circuit 52 Switches the 
IGBT Switches on or off according to a signal on control line 
42b. AS long as the Signal on control line 42b is present, 
Switch SW2 will remain conducting. Switch protection 
circuit 62 contains two identical Switch protection circuits, 
each protection circuit corresponding to one of the IGBTs. 
Switch protection circuits 61, 62, 63, and 64 protect the 
Switches SW1 to SW4 from being damaged by reverse 
Voltages, and from conducting prematurely. 

In the preferred embodiment, the defibrillator 8 provides 
a biphasic defibrillation pulse to the patient in the following 
manner. With reference to FIG. 5, once the energy storage 
capacitor 24 is charged to a Selected energy level and the 
patient isolation relay 35 is closed, the Switches SW1 and 
SW2 are Switched on so as to provide a path from the energy 
Storage capacitor to apex line 17 and Sternum line 19, 
respectively, for the application of a first phase of a defibril 
lation pulse to the patient. The Stored energy travels from the 
positive terminal of the capacitor 24 on line 26, through 
Switch SW1, across apex line 17, across the patient 16, back 
across sternum line 19, and through switch SW2 to the 
negative terminal of the capacitor 24 on line 28. The first 
phase of the biphasic pulse therefore applies a positive pulse 
from the apex to the Sternum of the patient. 

Before the energy Storage capacitor 24 is completely 
discharged, Switch SW2 is biased off in preparation for 
applying the Second phase of the biphasic pulse. Once 
Switch SW2 is biased off, switch SW1 will also become 
non-conducting because the Voltage acroSS the SCR falls to 
ZCO. 

After the end of the first phase of the biphasic defibril 
lation pulse, the Switches SW3 and SW4 are switched on to 
start the second phase of the biphasic pulse. Switches SW3 
and SW4 provide a path to apply a negative defibrillation 
pulse to the patient. With reference to FIG. 5, the energy 
travels from the positive terminal of the capacitor 24 on line 
26, through Switch SW3, across sternum line 19, through the 
patient 16, back acroSS apex line 17, and out through Switch 
SW4 to the negative terminal of the capacitor 24 on line 28. 
The polarity of the second phase of the defibrillation pulse 
is therefore opposite in polarity to the first phase of the pulse. 
The end of the Second phase of the biphasic pulse is 
truncated by Switching on Switch SW1 to provide a shorted 
path for the remainder of the capacitor energy through 
Switches SW1 and SW4. After the second phase is truncated, 
all four of the Switches SW1 to SW4 are Switched off. The 
patient isolation relay 35 is also opened to allow the energy 
Storage capacitor 24 to be recharged in preparation for 
providing another defibrillation pulse. 
The integrity of the output circuit 14 is verified prior to 

and during the delivery of a defibrillation pulse. A preferred 
method of verifying the integrity of the output circuit 14 is 
illustrated in the flow charts of FIGS. 7A-7B. FIG. 7A 
depicts a Start-up verification test performed after the 
defibrillator is turned on and prior to delivery of a defibril 
lation pulse. After turning on the defibrillator at a block 100, 
the energy Storage capacitor is charged to a test Voltage at a 
block 104. The test voltage to which the energy storage 



US 6,477,413 B1 
17 

capacitor is charged may be leSS than the maximum allowed 
Voltage of the capacitor if energy conservation during the 
Start-up test is desired. A lower Voltage requires leSS charg 
ing time, and therefore allows the total Start-up test time of 
the output circuit to be shortened. The test voltage should be 
high enough, however, to allow a reasonable test of the 
integrity of the output switches SW1 to SW4, as set forth 
below. During the entirety of the start-up verification test of 
the output circuit, it will be appreciated that the patient 
isolation relay 35 is opened to prevent any current from 
flowing to a patient. 

After charging the energy Storage capacitor, at a block 106 
a sequential test is made of the four output Switches SW1 to 
SW4. The output Switches are initially tested by Switching 
the Switches off. After placing each of the Switches in the 
non-conducting State, each Switch is individually Switched 
on and then off again in Sequence. That is, the first Switch 
SW1 is switched on and then off, followed by the remaining 
Switches in turn. AS the Switches are being Switched on and 
off, the Voltage level across the energy Storage capacitor is 
monitored. No change in the Voltage level acroSS the energy 
Storage capacitor 24 should occur during the tests, because 
Switching on a single Switch does not provide a conductive 
path through the output circuit 14 that would allow the 
energy Stored in the energy Storage capacitor to discharge. If 
any change in the Voltage level across the capacitor during 
the sequential Switching on and off of Switches SW1 to SW4 
is detected, an error is indicated. At a block 108, a test is 
made to determine whether there were errors detected in any 
of the Switches SW1 to SW4. If any errors were detected in 
the Switches, at a block 118 an error handling routine is 
called. The error handling routine will be described in 
additional detail below. If no errors were detected in the 
Switches, the Start-up verification test proceeds to a block 
110. 
At block 110 the Switches SW2 and SW3 are tested 

simultaneously for a brief interval. The two Switches are 
tested by simultaneously switching on both Switch SW2 and 
SW3. The switches are turned off by biasing switch SW2 off, 
which causes Switch SW3 to become non-conducting since 
it is an SCR. When Switches SW2 and SW3 are simulta 
neously conducting, a drop in the Voltage across the energy 
Storage capacitor Should be detected due to the shorted path 
that is provided through the output circuit 14. If a Voltage 
drop is not detected when Switches SW2 and SW3 are 
Supposed to be simultaneously conducting, then an error is 
indicated. At a block 112, a test is made to determine 
whether an error was detected in the combination of 
Switches SW2 and SW3. If an error was detected, the 
Start-up verification test continues to the error handling 
routine at block 118. If no error was detected in Switches 
SW2 and SW3, the start-up test continues to a block 114. 

At block 114, a test is made of Switches SW1 and SW4. 
Switches SW1 and SW4 are tested by simultaneously 
Switching the Switches on. Switching on Switches SW1 and 
SW4 a conductive path to be created from the energy Storage 
capacitor 24 through the output circuit 14. A Voltage drop 
acroSS the energy Storage capacitor should therefore be 
detected. If a Voltage drop is not detected when Switches 
SW1 and SW4 are simultaneously switched on, then an error 
is indicated. At block 116, a test is made to determine 
whether an error was detected in the combination of 
Switches SW1 and SW4. If an error was detected, the 
Start-up test continues to the error handling routine at block 
118. If no error was detected in Switches SW1 and SW4, the 
start-up test continues to block 120 where the defibrillator 
enters normal operation. 
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It will be appreciated that in the embodiment of the output 

circuit 14 shown in FIG. 5, the set of Switches SW2 and SW3 
must be tested before the set of Switches SW1 and SW4. If 
Switches SW1 and SW4 had been tested first, it would have 
been impossible to Switch the Switches SW1 and SW4 off 
while current was flowing through them because they are 
both SCR devices. Testing switches SW1 and SW4 first 
would therefore have drained all the test energy from the 
energy Storage capacitor 24. Because Switch SW2 is an 
IGBT pair that can be made non-conducting, the combina 
tion of Switches SW2 and SW3 can be switched off. Testing 
the Switches in the correct order therefore allows the energy 
Storage capacitor to be charged a single time in order to test 
all four Switches. It will be appreciated, however, that a 
different Switch testing order could be used if the capacitor 
were recharged or if different Switches were used in the 
output circuit. 
The Start-up verification test is performed immediately 

after turning the defibrillator on because it requires extra 
time and energy to charge and then dissipate the energy in 
the energy Storage capacitor. The amount of time and energy 
that the Start-up tests takes can be varied by changing the 
Voltage level to which the energy Storage capacitor is 
charged. Using a lower Voltage level reduces the charge time 
of the capacitor. In an alternate embodiment, a "skip Start-up 
test” button or command may also be incorporated in the 
defibrillator to allow a user to bypass the start-up verification 
test as the defibrillator is powered on. 

In addition to being performed when a user powers on the 
defibrillator, in an alternate embodiment the start-up verifi 
cation test may also be performed periodically by the 
microprocessor 20 while the defibrillator is not in use. For 
example, at a certain time each night as shown by clock 21, 
the microprocessor 20 could automatically and without user 
intervention power on the defibrillator, perform tests to 
Verify the integrity of the output circuit, and, as described 
below with respect to the error handling routine, provide a 
warning Signal to a user if a failure has occurred. 

FIG. 7B depicts the verification tests performed immedi 
ately prior to, and during the delivery of, a defibrillation 
pulse. After entering the normal mode of operation, at a 
decision block 121 the defibrillator waits to receive a 
command indicating that a defibrillation pulse is to be 
applied to a patient. If implemented in an automatic 
defibrillator, the command will be generated by the micro 
processor after analysis of an electrocardiogram from the 
patient. Alternatively, in a manual defibrillator, the com 
mand to charge the energy Storage capacitor for application 
of a defibrillation pulse may come from trained medical 
perSonnel using the device. 

If a command is received indicating that the defibrillator 
should prepare to apply a defibrillation pulse to a patient, the 
verification test proceeds to a block 122. At block 122 the 
energy Storage capacitor 24 is charged to a Selected Voltage. 
Several factorS determine the charge level of the capacitor, 
including the Selected energy level that is to be delivered to 
the patient. 

After charging the capacitor to the desired Voltage, at a 
block 124 a test is made of the four output Switches SW1 to 
SW4. The test is identical to the test performed at block 106. 
That is, each of the Switches are individually switched on 
and then off. While the Switches are Switched on and off, the 
Voltage acroSS the energy Storage capacitor is monitored by 
the microprocessor. If all the Switches are operational (i.e., 
none of the Switches are Stuck in a conducting State), the 
Voltage acroSS the energy Storage capacitor should not 



US 6,477,413 B1 
19 

change during the testing. The verification test performed at 
block 124 is capable of being performed prior to delivery of 
the defibrillation pulse because the test can be performed 
quickly and with no energy loSS from the energy Storage 
capacitor if no faults occur. If a faulty Switch is identified 
that is Stuck in a conducting State prior to delivery of the 
defibrillation pulse, the Verification test can discover the 
error before the defibrillator attempts to deliver the defibril 
lation pulse to the patient. 

After testing each of the Switches, at a block 126 a test is 
made to determine if there were any errorS detected in any 
of the Switches. If any errors were detected, then at block 
118 the error handling routine is called. If no errors were 
detected in the Switches, the defibrillator may deliver the 
defibrillation pulse to the patient. The patient isolation relay 
35 is closed prior to the delivery of the defibrillation pulse. 

At a block 128, Switches SW1 and SW2 are switched on 
to start the application of the first phase of the defibrillation 
pulse. AS the first phase of the pulse is being delivered to the 
patient, a clock is started. After a predetermined time from 
the start of the first phase, preferably 4.5 milliseconds, the 
microprocessor measures the Voltage on the energy Storage 
capacitor at a block 130. After 4.5 milliseconds, the voltage 
level of the capacitor Should have dropped to within a certain 
range that is defined based on the known range of patient 
impedances. If the measured Voltage level across the energy 
Storage capacitor is not within the expected range after 4.5 
milliseconds, then a failure is present in either the output 
circuit or the connection to the patient. At a decision block 
134, a test is made to determine if a failure was detected at 
4.5 milliseconds. If a failure was detected, an error handling 
routine is called at block 118. If a failure was not indicated 
during delivery of the first phase, then the Second phase of 
the biphasic defibrillation pulse may be applied to the 
patient. Prior to starting the second phase, Switch SW2 is 
Switched off to truncate the application of the first phase. 

At a block 136, Switches SW3 and SW4 are switched on 
to provide a conductive path from the energy Storage capaci 
tor to the patient and begin the application of the negative 
second phase of the defibrillation pulse. At a block 140, a 
measurement is made of the Voltage acroSS the capacitor at 
the end of the Second phase. The measured Voltage at the end 
of the Second phase should fall within a certain range based 
on the expected patient impedances. If the measured Voltage 
falls outside the expected range, a failure of the output 
circuit or the connection to the patient is indicated. 
At a decision block 142, a test is made to determine if a 

failure was indicated at the end of the Second phase. If a 
failure was indicated, the verification test proceeds to the 
error handling routine at block 118. If no failure was 
indicated, the verification test returns to decision block 121 
to wait to receive another command to charge the energy 
Storage capacitor for delivery of an additional defibrillation 
pulse. After the end of the Second phase, the patient isolation 
relay 35 is opened to isolate the patient from the defibrillator. 

It will be appreciated that while the 4.5 millisecond test 
performed at block 130 was only performed during the first 
phase of the defibrillation pulse, a Similar test could have 
been performed 4.5 milliseconds after the start of the second 
phase. Similarly, while the test of the ending Voltage per 
formed at block 140 was only performed at the end of the 
Second phase, a similar test could have been performed at 
the end of the first phase. 

The testing method disclosed herein is advantageous in 
that it allows the integrity of the output circuit and connec 
tion to the patient to be checked both before and during the 
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application of the defibrillation pulse. Many prior defibril 
lators were unable to perform Such testing due to the type of 
output Switch and the EMI noise generated by the applica 
tion of a defibrillation pulse. If any error is detected before 
or during delivery of the defibrillation pulse, an error han 
dling routine may be called to analyze and compensate for 
the indicated failure. 
When an error is indicated before or during delivery of a 

defibrillation pulse, the error handling routine is called at 
block 118. The error handling routine may perform several 
types of analyses to further determine the cause of the error. 
If possible, the error handling routine may also compensate 
for the error by applying a monophasic, rather than a 
biphasic, pulse to the patient. FIGS. 8A and 8B are flow 
charts of a representative error handling routine. 

If one of the Switches in the output circuit is Stuck in the 
conducting State, the defibrillator may compensate for the 
Stuck Switch by using the available conducting Switching 
path to deliver a monophasic, rather than a biphasic, pulse. 
FIG. 8A illustrates the application of a monophasic pulse if 
the failure of a Switch is detected prior to a defibrillation 
pulse being applied. At a block 150, a test is made to 
determine if the error handling routine was entered from 
block 126. If the error handling routine was not entered from 
block 126, the routine proceeds to a block 180. If the error 
handling routine was entered from block 126, the routine 
proceeds to a block 152. 
At block 152, an error signal is provided to the user to 

indicate that an error has occurred and that a monophasic 
pulse will be attempted. The error Signal may be an audible, 
Visual, and/or logged alarm. At a block 154, a determination 
is made as to whether the current charge level of the energy 
Storage capacitor is Sufficient to generate a desired 
monophasic pulse. It will be appreciated that the size of a 
desired monophasic pulse may be varied depending on the 
impedance of the patient, the number of ShockS previously 
applied to the patient, and other factors. To change the 
duration and magnitude of the monophasic pulse, the energy 
Storage capacitor 24 charge level is modified. If the 
monophasic pulse is to have a higher current or longer 
duration than the pulse that would be delivered based on the 
current charge level on the capacitor, the energy Storage 
capacitor is charged to a higher Voltage. Conversely, if the 
monophasic pulse is to have a lower current or shorter 
duration, the Voltage on the capacitor is reduced. To reduce 
the Voltage, the capacitor 24 can be discharged in part 
through a shorted path provided by closing both output 
Switches on one side of the H-bridge output circuit 14. At a 
block 156, the energy Storage capacitor 24 is charged to the 
selected level. The patient isolation relay 35 is also closed to 
prepare for the application of the monophasic pulse. 
At a block 158, a test is made to determine the specific 

output Switch that is Stuck in a conducting State. If during the 
tests at blocks 106 or 124 a shorted conducting path is 
formed So that the Voltage on the capacitor 24 changes 
rapidly when only switch SW1 is switched on, then it is 
logical to infer that either Switch SW4 is stuck in a con 
ducting State or else that there is a short Somewhere in the 
System. This logic follows because of the three remaining 
Switches when Switch SW1 is supposed to be conducting, 
only switch SW4 being conductive should cause a shorted 
conductive path to be formed. Similarly, a rapid Voltage 
change when only switch SW2 is switched on may indicate 
that Switch SW3 is stuck in a conducting state, and vice 
versa. An error detected while Switch SW1 or SW2 is 
Switched on may therefore indicate that Switch SW4 or 
SW3, respectively, is Stuck in a conducting State and Vice 
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versa. If the error was indicated in Switches SW1 or SW2, 
the error routine proceeds to a block 162 where it begins the 
application of the monophasic pulse through Switches SW1 
and SW2. Switches SW1 and SW2 are required to be used 
in this circumstance because if one of them is Stuck in a 
conducting state, then Switches SW1 and SW2 provide the 
only effective defibrillation path. Similarly, if the error was 
indicated in Switches SW3 or SW4, the routine proceeds to 
a block 166 where it begins the application of the monopha 
sic pulse through Switches SW3 and SW4. 
From either block 162 or block 166, the routine proceeds 

to a block 168, where a measurement is made of the voltage 
acroSS the energy Storage capacitor at a predetermined time 
after the start of the monophasic pulse. Preferably, the 
Voltage measurement is made at 4.5 milliseconds. The rate 
of decay of the monophasic pulse is dependent on a known 
range of patient impedances. After 4.5 milliseconds, the 
measured Voltage across the energy Storage capacitor should 
therefore fall within an expected range. If the Voltage acroSS 
the energy Storage capacitor falls outside the expected range, 
a failure of the output circuit or of the connection to the 
patient is indicated. 
At a block 170, a measurement is made of the voltage 

acroSS the capacitor at the end of the monophasic pulse. The 
measured Voltage at the end of the monophasic pulse should 
fall within a certain range based on the expected patient 
impedances. If the measured Voltage falls outside the range, 
a failure of the output circuit or of the connection to the 
patient is indicated. 

At a decision block 172, a test is made to determine if a 
failure was indicated at either 4.5 milliseconds or at the end 
of the monophasic pulse. If a failure was indicated, the 
routine proceeds to other error handling routines at block 
174. If no failure was indicated, the routine returns to block 
121 to wait for another defibrillation command, under the 
theory that the original error condition identified in block 
126 may have been merely a transient condition. In an 
alternate embodiment, rather than proceeding back to block 
121, the routine may proceed to a block which again applies 
a monophasic pulse when the next defibrillation command is 
g|Ven. 

FIG. 8B illustrates the analysis and attempted compensa 
tion that occurs if an error is detected during the application 
of a biphasic defibrillation pulse. At a block 180, a test is 
made to determine if the error handling routine was entered 
from block 134 due to an error that was detected 4.5 
milliseconds after the start of the first phase of the defibril 
lation pulse. If the routine was not called from block 134, the 
routine proceeds to a block 181 where other error handling 
routines are called. If the routine was initially called from 
block 134, the routine proceeds to a block 182. 

At block 182 a test is made to determine if the energy 
Storage capacitor Voltage that was measured at block 130 is 
above the expected range and near the fully charged level. If 
the Voltage is not near the fully charged level, the routine 
proceeds to a block 184. At block 184 a test is made to 
determine if the energy Storage capacitor Voltage that was 
measured at block 130 is near the fully discharged level. If 
the Voltage is not near the fully discharged level, the routine 
proceeds to a block 181 where other error handling routines 
are called. If the Voltage is near the fully discharged level, 
the routine proceeds to a block 186 where an error signal is 
provided to the user of the defibrillator indicating that the 
full defibrillation pulse was likely not applied to the patient. 
After block 186 the routine returns to block 121 to wait for 
another defibrillation command, under the theory that the 
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original error identified in block 134 may have been a 
transient problem. The error signal provided at block 186 
illustrates one aspect of the importance of the test performed 
during the application of a defibrillation pulse. Tests made 
after the pulse is over only indicate that the energy has been 
discharged, and do not indicate if the energy went through 
the patient or through a short circuit. Tests made during the 
defibrillation pulse, however, provide an accurate indication 
that the defibrillation pulse was applied to the patient. 

Returning to block 182, if the Voltage acroSS the energy 
Storage capacitor is near the fully charged level, the routine 
proceeds to a block 188. At block 188 an error signal is 
provided to the user indicating that the capacitor Voltage is 
Still near the full charge level and that a monophasic pulse 
will be attempted. A full charge on the capacitor likely 
indicates a Switch failure or an open circuit within the 
defibrillator. At a block 190, a test is made to determine if the 
charge level of the capacitor should be changed before the 
application of the monophasic pulse. AS was described 
above, changing the charge level alters the current and 
duration of the monophasic pulse. The desired current and 
duration may be Selected based on various parameters, 
including the impedance of the patient and whether the 
patient has been Shocked before. If the charge level does not 
need modification, the routine proceeds to a block 198. If the 
charge level is to be modified, the routine proceeds to a 
block 192. 
At block 192 a test is made to determine if the desired 

charge level is higher or lower than the present charge level. 
If the desired charge level is higher, the routine proceeds to 
a block 196. If the desired charge level is lower, the routine 
proceeds to a block 194 where an attempt is made to lower 
the charge level by Switching on Switches SW2 and SW3 to 
provide a shorted path across the capacitor. An attempt is 
made to use Switches SW2 and SW3 first because, as 
described above, Switch SW2 may be biased off before all of 
the energy of the Storage capacitor is discharged. If Switch 
SW2 is not available at block 194, Switches SW1 and SW4 
are Switched on to discharge all the energy of the capacitor. 
After block 194 the routine proceeds to block 196. 
At block 196, if necessary, the energy Storage capacitor is 

charged to a new level. The routine then proceeds to block 
198, where the monophasic pulse is applied by turning on 
Switches SW3 and SW4. Switches SW1 and SW2 are not 
used for the application of the monophasic pulse because the 
routine was called when an open circuit error was indicated 
while attempting to provide a pulse through switches SW1 
and SW2. 

After 4.5 milliseconds of the monophasic pulse have 
elapsed, a measurement is made of the Voltage across the 
energy storage capacitor at a block 200. At a block 202 a 
measurement of the Voltage across the Storage capacitor is 
made at the end of the monophasic pulse. If the Voltage is 
outside the expected range for either test, a failure of the 
output circuit or of the connection to the patient is indicated. 
At a decision block 204 a test is made to determine if a 

failure was indicated at either 4.5 milliseconds or at the end 
of the monophasic pulse. If a failure was indicated, the 
routine proceeds to other error handling routines at block 
181. If no failure was indicated, the routine returns to block 
121 to wait for another defibrillation command, under the 
theory that the original error condition in block 134 may 
have been cleared. In an alternate embodiment, rather than 
proceeding back to block 121, a monophasic pulse may be 
automatically applied when the next defibrillation command 
is given. 
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Providing a monophasic pulse if a portion of the output 
circuit should fail offers a distinct advantage over prior 
monophasic, including Edmark pulse, defibrillators. 
Generally, in prior monophasic defibrillators, there was only 
one active Switching path, and if part of that path failed, the 
defibrillator became inoperable. In the present invention, the 
existence of two conductive paths through the H-bridge 
output circuit 14 provides a “backup” path that can be used 
for providing a monophasic pulse in the event that one of the 
paths fails. 

The analysis depicted in FIGS. 8A and 8B is merely 
representative of Some of the diagnostic tests that may be 
performed on the output circuit to analyze an error condi 
tion. Those skilled in the art will recognize that other tests 
could also be envisioned. For example, another possible type 
of analysis that the error handling routine may perform is 
locating a specific output Switch that is Stuck in a non 
conducting state. If during the tests in block 110 a shorted 
path is not formed Such that the Voltage on the capacitor 24 
does not quickly change when Switches SW2 and SW3 are 
Supposed to be conducting, then it is logical to infer that 
either Switch SW2 or SW3, or both, is stuck in a non 
conducting State, or else that there is an open circuit in the 
System. Similarly, a lack of rapid Voltage change when 
Switches SW1 and SW4 are supposed to be conducting in 
block 114 may indicate that either switch SW1 or SW4, or 
both, is Stuck in a non-conducting State. Given this infor 
mation alone, it cannot be determined exactly which of the 
two Switches being tested is Stuck, because if either or both 
of the two Switches are Stuck in a non-conducting State, the 
Voltage will not change. Once it is determined that either or 
both of the Switches may be Stuck in a non-conducting State, 
however, appropriate error messages and instructions can be 
provided to the user and additional tests can be performed to 
Specifically locate the faulty Switch. One response that the 
defibrillator may invoke when Such an error occurs and the 
faulty Switch is Specifically located is to deliver a monopha 
sic rather than a biphasic pulse, using the Switching path that 
is available for Such a pulse, possibly with higher current or 
longer duration. 

Another type of analysis that the error handling routine 
may perform is determining the cause of erroneous Voltage 
readings that are measured at blocks 130 and 140. A mea 
Sured Voltage level that is too high may indicate that there is 
too much impedance, i.e., that the paddles or electrodes are 
not being properly applied to the patient. No Voltage drop at 
all may indicate that one of the Switches SW1 to SW4 is 
Stuck in a non-conducting State. A specific output Switch 
being Stuck in a non-conducting State can be pinpointed by 
this test combined with the tests at blocks 110 and 114. A 
measured Voltage level that is too low may indicate that a 
Switch is Stuck in a conducting State or that the electrodes 
have been touched together. 

While the preferred embodiment of the invention has been 
illustrated and described, it will be apparent that various 
changes can be made therein without departing from the 
Spirit and Scope of the invention. For example, while the 
preferred embodiment contemplates using the output circuit 
to generate a biphasic defibrillation pulse to a patient, the 
output circuit may also be used to generate a multiphasic 
defibrillation pulse with three or more phases. 

It will also be appreciated that while the Voltage acroSS the 
energy Storage capacitor was the measured parameter for the 
tests performed in FIGS. 7A to 7B, any parameter that is 
related to the energy flow from the capacitor to the patient 
may be used to estimate the impedance of the discharge. For 
example, the current of the discharge, the time of the 
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discharge, or the Voltage/current ratio could all be compared 
against expected ranges that are defined based on the known 
range of patient impedances. Any measured parameter that 
was not within the expected range could indicate a failure in 
the output circuit. 

Moreover, while a microprocessor 20 is used in the 
preferred embodiment to control testing and analysis of the 
output circuit 14, it will be appreciated that other controllers 
could be used to perform the same task. For example, an 
ASIC or discrete logic could be used to govern the testing. 
It will also be appreciated that while a single energy Storage 
capacitor 24 is depicted herein, other energy Storage devices 
could be envisioned. For example, multiple capacitors could 
be coupled to Store the desired amount of energy. 

It will further be appreciated that while Switches SW1, 
SW3 and SW4 are depicted as comprising only a single 
Semiconductor device, multiple Semiconductor devices 
could be coupled in Series to perform the same Switching 
function. The method described above to test each leg is 
equally applicable to legs having multiple Switches. Also, 
the Switch elements for Switches SW1 to SW4 could be 
SCRs, IGBTs, MOSFETs, BJTs, MCTs, or any other high 
Voltage Semiconductors. Consequently, within the Scope of 
the appended claims, it will be appreciated that the invention 
can be practiced otherwise than as Specifically described 
herein. 
The embodiments of the inventions in which an exclusive 

property or privilege is claimed are defined as follows: 
1. In an external defibrillator for applying a multiphasic 

defibrillation pulse to a patient through first and Second 
electrodes when Said first and Second electrodes are coupled 
to a patient, Said external defibrillator including one or more 
energy Storage devices having first and Second leads and a 
charging System for charging Said one or more energy 
Storage devices, said external defibrillator also including one 
or more output circuits with a plurality of output Switches for 
Switchably coupling the one or more energy Storage devices 
to the first and Second electrodes in order to conduct the 
energy Stored in the one or more energy Storage devices to 
a patient, Said external defibrillator further comprising a 
control circuit coupled to Said plurality of output Switches 
for controlling Said output Switches, Said control circuit 
Switching the plurality of output Switches So as to generate 
a multiphasic defibrillation pulse for application to a patient, 
the improvement comprising: 

(i) causing said charging System to charge Said one or 
more energy Storage devices to a combined energy 
level Sufficient to deliver approximately 200 or more 
joules, and 

(ii) forming Said one or more output circuits of compo 
nents capable of delivering a combined energy level 
sufficient to deliver approximately 200 or more joules 
to the first and Second electrodes for application to a 
patient, the energy being delivered to the patient in a 
waveform that is non-sinusoidal. 

2. The improvement claimed in claim 1, wherein the one 
or more output circuits comprise an H-bridge output circuit 
and the plurality of output Switches comprises: 

(a) a first switch in the first leg of the H-bridge output 
circuit coupled between a first lead of at least one of the 
energy Storage devices and the first electrode, 

(b) a second switch in the second leg of the H-bridge 
output circuit coupled between a Second lead of the at 
least one energy Storage device and the Second elec 
trode, 

(c) a third switch in the third leg of the H-bridge output 
circuit coupled between the first lead of the at least one 
energy Storage device and the Second electrode, and 
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(d) a fourth Switch in the fourth leg of the H-bridge output 
circuit coupled between the Second lead of the at least 
one energy Storage device and the first electrode. 

3. The improvement of claim 1, further comprising: 
causing Said charging System to charge Said one or more 

energy Storage devices to a combined energy level that 
will deliver a peak current of at least approximately 20 
amps to a patient having an impedance of approxi 
mately 100 ohms; and 

forming Said one or more output circuits of components 
capable of delivering a peak current of at least approxi 
mately 20 amps to the first and Second electrodes for 
application to a patient having an impedance of 
approximately 100 ohms. 

4. The improvement of claim 1, further comprising: 
forming Said one or more output circuits of components 

Such that the time constant RC for the delivery of the 
defibrillation pulse to the patient is at least approxi 
mately 0.2. 

5. The improvement of claim 4, wherein the resistive 
value of the time constant RC is approximately 100 ohms 
and the capacitive value is approximately 200 microFarads. 

6. The improvement of claim 1, further comprising: 
forming Said one or more output circuits of components 

Such that the current flow for the defibrillation pulse is 
gated on by a Single Switching element. 

7. The improvement of claim 1, further comprising: 
forming Said one or more output circuits of components 

Such that the defibrillation pulse is truncated by the 
activation of a single Switching element. 

8. The improvement of claim 1, further comprising: 
forming Said one or more output circuits of components 

Such that the components form an H-bridge, wherein at 
least one of the legs of the H-bridge contains only one 
Switching element. 

9. The improvement of claim 1, further comprising: 
(i) causing said charging System to charge said one or 

more energy Storage devices to a combined energy 
level such that a current of at least approximately 200 
ampS may result if the first and Second electrodes are 
shorted together, and 

(ii) forming said one or more output circuits of compo 
nents such that at least one IGBT switch is coupled 
within the circuit path, the IGBT being driven with a 
gate Voltage of at least approximately 20 volts So as to 
allow the IGBT to conduct the 200 amps and then 
continue to function. 

10. The improvement of claim 1, further comprising: 
the control circuit implementing a Self-test to Verify the 

integrity of the one or more output circuits, the Self-test 
activating one or more of the output Switches and then 
monitoring for the absence of current in order to verify 
the integrity. 

11. The improvement of claim 1, further comprising: 
the control circuit implementing a Self-test to Verify the 

integrity of the one or more output circuits, the Self-test 
monitoring the energy flow during the first phase of the 
multiphasic defibrillation pulse as part of a proceSS for 
Verifying the integrity of the one or more output circuits 
prior to the application of the next phase of the mul 
tiphasic defibrillation pulse, and providing a warning if 
the integrity is not verified. 

12. The improvement of claim 1, further comprising: 
(i) causing said charging System to charge said one or 

more energy Storage devices to a combined energy 
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level range from 50 or leSS joules to an energy level 
Selected to defibrillate an adult patient, and 

(ii) forming Said one or more output circuits of compo 
nents capable of delivering a combined energy level 
range from 50 or leSS joules to an energy level Selected 
to defibrillate an adult patient to the first and second 
electrodes for application to a patient. 

13. The improvement of claim 1, wherein the one or more 
output circuits comprise an H-bridge output circuit and the 
plurality of output Switches comprise: 

(a) a first switch in the first leg of the H-bridge output 
circuit coupled between a first lead of at least one of the 
energy Storage devices and the first electrode, 

(b) a second switch in the second leg of the H-bridge 
output circuit coupled between a Second lead of the at 
least one energy Storage device and the Second elec 
trode, 

(c) a third switch in the third leg of the H-bridge output 
circuit coupled between the first lead of the at least one 
energy Storage device and the Second electrode, and 

(d) a fourth switch in the fourth leg of the H-bridge output 
circuit coupled between the Second lead of the at least 
one energy Storage device and the first electrode. 

14. The improvement of claim 1, wherein at least one of 
the plurality of output Switches is a solid state Switch with 
a gate, the control circuit including a gate drive circuit for 
driving the gate of the Solid State Switch with a gate drive 
Signal. 

15. The improvement of claim 14, wherein the gate drive 
Signal Supplied by the gate drive circuit biases the Solid State 
Switch in a conducting State, the Solid State Switch remaining 
biased in the conducting State as long as the gate drive signal 
is present. 

16. The improvement of claim 15, wherein the gate drive 
circuit includes a means for producing a pulse train and a 
means for Supplying Said pulse train to the Solid State Switch 
as a gate drive Signal. 

17. The improvement of claim 1, wherein each of the one 
or more energy Storage devices comprises one or more 
energy Storage capacitors. 

18. The improvement of claim 1, the improvement further 
comprising a protective component coupled between at least 
one of the one or more energy Storage devices and at least 
one of the one or more output circuits, the protective 
component having resistive properties So as to limit a current 
to the at least one output circuit. 

19. The improvement of claim 18, wherein the protective 
component further has inductive properties So as to limit a 
rise time of the Voltage across the at least one output circuit. 

20. The improvement of claim 1, the improvement further 
comprising a protective component coupled between at least 
one of the one or more energy Storage devices and at least 
one of the one or more output circuits, the protective 
component having an impedance of less than 100 ohms. 

21. In an external defibrillator for applying a multiphasic 
defibrillation pulse to a patient through first and Second 
electrodes when Said first and Second electrodes are coupled 
to a patient, Said external defibrillator including one or more 
energy Storage devices having first and Second leads and a 
charging System for charging Said one or more energy 
Storage devices, Said external defibrillator also including one 
or more output circuits with output Switches for Switchably 
coupling the one or more energy Storage devices to the first 
and Second electrodes in order to conduct the energy Stored 
in the one or more energy Storage devices to a patient, Said 
one or more output Switches being coupled in a circuit path 
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between the one or more energy Storage devices and the first 
and Second electrodes, said external defibrillator further 
comprising a control circuit coupled to Said one or more 
output Switches for controlling Said one or more output 
Switches, the control circuit Switching Said one or more 
output Switches So as to generate a multiphasic defibrillation 
pulse for application to a patient, the improvement compris 
ing: 

(i) the control circuit controlling said one or more output 
Switches such that after the end of the first phase of a 
multiphasic defibrillation pulse, the Second phase is 
begun by Switching at least one of the one or more 
output Switches Such that the energy that is delivered to 
the patient is in a waveform that is non-sinusoidal; and 

(ii) forming said one or more output Switches of compo 
nents capable of delivering at least approximately 200 
joules to the first and Second electrodes for application 
to a patient. 

22. The improvement of claim 21, wherein the one or 
more output circuits comprise an H-bridge output circuit, the 
H-bridge output circuit comprising: 

(a) a first Switch in the first leg of the H-bridge output 
circuit coupled between a first lead of at least one of the 
energy Storage devices and the first electrode, 

(b) a second switch in the second leg of the H-bridge 
output circuit coupled between a Second lead of the at 
least one energy Storage device and the Second elec 
trode, 

(c) a third switch in the third leg of the H-bridge output 
circuit coupled between the first lead of the at least one 
energy Storage device and the Second electrode, and 

(d) a fourth Switch in the fourth leg of the H-bridge output 
circuit coupled between the Second lead of the at least 
one energy Storage device and the first electrode. 

23. The improvement of claim 21, the improvement 
further comprising a drive circuit for Said one or more output 
Switches that maintains Said one or more output Switches in 
a conducting State at low defibrillation pulse energy levels 
Such as the defibrillation pulse energy levels used in Surgery 
to directly defibrillate a patient. 

24. The improvement of claim 23, wherein at least one of 
the one or more output switches that is driven by the drive 
circuit is a Silicon controlled rectifier (SCR) with a gate, said 
gate drive circuit being coupled to the gate of the SCR. 

25. The improvement of claim 24, wherein gate signals 
supplied by the drive circuit to the gate of the SCR biases the 
SCR in the conducting state, the SCR remaining biased in a 
conducting State as long as the gate Signal is present. 

26. The improvement of claim 21, wherein the one or 
more output Switches of the one or more output circuits 
comprise first, Second, third, and fourth Switches, and each 
of the first, third, and fourth Switches comprise an SCR. 

27. The improvement of claim 26, wherein the second 
Switch comprises one or more insulated gate bipolar tran 
sistors (IGBTs). 

28. The improvement of claim 21, wherein the one or 
more output Switches of the one or more output circuits 
comprise one or more insulated gate bipolar transistors 
(IGBTs). 
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29. The improvement of claim 28, wherein the control 

circuit includes a gate drive circuit coupled to the gate of 
each of the one or more IGBTs, the gate drive circuit 
providing a gate signal to the gate of each of the IGBTs for 
Switching the one or more IGBTS between a conducting State 
and a non-conducting State. 

30. The improvement of claim 29, wherein the gate drive 
circuit Supplies a gate signal that maintains the one or more 
IGBTs in a Saturated State when the IGBTs are in the 
conducting State. 

31. The improvement of claim 30, wherein the gate drive 
circuit includes a shunt coupled between the gate of each of 
the one or more of IGBTS and ground, the Shunt acting to 
shunt a Voltage applied to the gates of the one or more IGBTS 
to ground. 

32. The improvement of claim 21, wherein the one or 
more control circuits place two or more of the output 
Switches in a conducting State to shunt energy from the 
energy Storage capacitor. 

33. The improvement of claim 21, the improvement 
further comprising a protective component coupled between 
the energy Storage device and the circuit, the protective 
component having both inductive and resistive properties So 
as to limit the current to, and a rise time of the Voltage 
acroSS, at least one of the one or more output Switches. 

34. A method for applying a multiphasic defibrillation 
pulse to a patient through first and Second electrodes of an 
external defibrillator when said first and second electrodes 
are coupled to a patient, Said external defibrillator including 
one or more energy Storage devices having first and Second 
leads and a charging System for charging Said one or more 
energy Storage devices, said external defibrillator also 
including one or more output circuits with output Switches 
for Switchably coupling the one or more energy Storage 
devices to the first and Second electrodes in order to conduct 
the energy Stored in the one or more energy Storage devices 
to a patient, Said one or more output Switches being coupled 
in a circuit path between the one or more energy Storage 
devices and the first and Second electrodes, Said external 
defibrillator further comprising a control circuit coupled to 
Said one or more output Switches for controlling Said one or 
more output Switches, the control circuit Switching Said one 
or more output Switches So as to generate a multiphasic 
defibrillation pulse for application to a patient, the method 
comprising: 

(i) controlling said one or more output Switches Such that 
after the end of the first phase of a multiphasic defibril 
lation pulse, the Second phase is begun by Switching at 
least one of the one or more output Switches Such that 
the energy that is delivered to the patient is in a 
waveform that is non-sinusoidal; and 

(ii) delivering at least approximately 200 joules through 
the one or more output Switches to the first and Second 
electrodes for application to a patient. 

k k k k k 
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